The three-dimensional (3-D) coherent transfer function for reflection confocal microscopy of high-numericalaperture objectives is derived and calculated in the presence of refractive-index mismatch when a laser beam is focused into a medium of refractive index different from its immersion medium. This aberrated coherent transfer function is then used to estimate the readout efficiency of 3-D data bits recorded in a thick medium. It is shown that the readout efficiency of confocal microscopy for 3-D bit data storage is decreased with the focal depth of an objective in a recording medium. However, a high readout efficiency can be maintained if the tube length of a reading objective is linearly altered to compensate for the spherical aberration caused by the refractive-index mismatch.
INTRODUCTION
One of the methods for recording information into a volume material is based on two-photon excitation. [1] [2] [3] [4] [5] [6] [7] [8] As a result of the cooperative two-photon absorption, a physical and chemical reaction occurs only within the focal region of a high-numerical-aperture objective. Consequently, information can be recorded as a threedimensional (3-D) bit array within a thick recording medium. Depending on the physical and chemical reaction in a recording process, one can choose a fluorescence optical microscope 5, [7] [8] [9] or a phase contrast optical microscope [1] [2] [3] [4] to read out the recorded data bits. In the latter case, a reflection-mode confocal scanning microscope can be used for reading out the data bits caused by a change in refractive index under two-photon excitation, 2, 10 provided that the passband of the 3-D coherent transfer function (CTF) for reflection confocal microscopy overlaps the support region of spatial frequencies of recorded 3-D data bits.
The use of reflection confocal microscopy in 3-D optical data storage allows one to perform recording and reading in the same optical system, which may be miniaturized by using fiber-optical components in practice. In addition, a reflection confocal microscope exhibits a strong optical sectioning effect, 11, 12 which provides high axial resolution in the reading process. 11, 12 If a pinhole of appropriate size is selected in the reading process, unwanted signals resulting from background scattering may be reduced. 11 However, the performance of confocal microscopy is strongly degraded when a reading beam is focused deeply into a recording material that has a different refractive index from its immersion medium. The mismatch of the refractive indices results in spherical aberration depending on the focal depth of an objective [13] [14] [15] and thus reduces the illumination power in the focal region. 7, 15 Further, the resultant distortion of the 3-D diffraction pattern of an objective in the focal region reduces the strength of the 3-D CTF; the deeper the focal depth within a thick material or sample is, the stronger the reduction of the strength of the 3-D CTF will be. Accordingly, the readout efficiency of confocal microscopy is decreased with the focal depth even if the passband of the 3-D CTF overlaps the support region of spatial frequencies of recorded data bits.
The aim of this paper is to investigate the dependence of the 3-D CTF on the focal depth of an objective within a thick sample and to estimate the readout efficiency of reflection confocal microscopy for 3-D bit data storage. In Section 2, the 3-D CTF for reflection confocal microscopy is derived in the presence of refractive index mismatch. The dependence of the 3-D aberrated CTF on the focal depth inside a thick sample is numerically revealed in Section 3. The compensation for the spherical aberration is also studied in terms of change in tube length of an objective. In Section 4, the readout efficiency of reflection confocal microscopy is defined and calculated in terms of the 3-D aberrated and compensated CTF. As a complete discussion, the 3-D CTF for transmission confocal microscopy and the 3-D optical transfer function (OTF) for an objective are given in Appendix A.
COHERENT TRANSFER FUNCTION IN THE PRESENCE OF REFRACTIVE INDEX MISMATCH
Let us first consider that an incident plane wave is focused by a high-numerical-aperture circular objective from a medium of refractive index n 1 into a thick medium or sample of refractive index n 2 . The diffraction pattern of the objective in the focal region within the second medium is distorted compared with the diffraction-limited pattern by an objective in a uniform medium. 16 This distorted diffraction pattern of an objective can be expressed, under the scalar approximation, as [13] [14] [15] 
which is also called the 3-D amplitude point spread function for an objective. Here 1 and 2 are the angles of a ray of convergence in the first and second media, respectively, and are linked by Snell's law. P( 1 ) is the apodization function for a high-numerical-aperture objective. 17, 18 The radial and axial coordinates r and z are defined with respect to the diffraction-limited focus that would occur if no second medium were presented. s and p , the Fresnel transmission coefficients for s and p polarization states at the interface between the first and second media, 17 are the function of angles 1 and 2 .
The function ⌽ in Eq. (1) is called the spherical aberration function caused by the mismatching of the refractive indices [13] [14] [15] and is given by
where d represents the focal depth measured from the interface of the two media to the diffraction-limited focus. 13 It is clear that when n 1 ϭ n 2 ϭ n; i.e., when the refractive index of the first medium matches that of a second medium, we have ⌽ ϭ 0. Thus Eq. (1) reduces to the 3-D amplitude point spread function for an objective in a uniform medium.
16
The 3-D CTF for an objective inside the second medium can be obtained by performing the 3-D Fourier transform of Eq. (1) with respect to r and z 18 and is given by
where
Here l and s are the radial and axial spatial frequencies, respectively, and have been normalized by n 2 /. Performing the 3-D autoconvolution of Eq. (3) gives rise to the 3-D CTF for reflection confocal microscopy consisting of a point detector. 12 It is, however, noted that Eq. (3) Fig. 1 . Dependence of the modulus of the 3-D coherent transfer function on the focal depth d when a plane wave at wavelength 800 nm is focused by an objective (NA ϭ 0.85) from air (n 1 ϭ 1) to a medium of refractive index 1.59:
has the same form as the 3-D CTF for an objective in the absence of refractive-index mismatch 18 except for the replacement of P(l) by PЈ(l). Therefore the 3-D CTF for reflection confocal microscopy in the presence of refractive-index mismatch can be evaluated by the integral method reported elsewhere 19 (the 3-D CTF for transmission confocal microscopy in the presence of refractiveindex mismatch is given in Appendix A):
The value of ␣ is determined by
where NA is the numerical aperture of the objective. The passband of Eq. (6) has the same form as that in the absence of refractive-index mismatch but is defined within the second medium. It cuts off at 2 sin ␣ in the transverse direction, while it exhibits low and high cut-off 
spatial frequencies at 2 cos ␣ and 2 in the axial direction. Unlike the aberration-free case, 19 the 3-D CTF in Eq. (6) becomes complex owing to the extra factor in Eq. (4). A complex CTF may alter image contrast at some spatial frequencies.
It should be pointed out that the 3-D CTF in Eq. (6) at l ϭ 0 can be analytically expressed as
where cos 2 ϭ ͉s͉/2. It is therefore clear that the modulus of Eq. (10) is independent of the spherical aberration ⌽, which is consistent with the conclusion based on the paraxial approximation. 
DEPENDENCE OF THE COHERENT TRANSFER FUNCTION ON THE FOCAL DEPTH
In all the numerical calculations, we assume that the objective obeys the sine condition, which leads to P( 1 ) ϭ (cos 1 ) 1/2 , as shown in Refs. [16] [17] [18] . Let us first consider a case of focusing a plane wave from air to a medium or sample of refractive index 1.59 (see Ref. 2) . Figure 1 shows the corresponding 3-D CTF for reflection confocal microscopy at different focal depths. At the interface between the two media, the 3-D CTF is real and looks similar to that for the aberration-free case. 19 As soon as the focus of the objective is moved into the second medium or sample, the 3-D CTF becomes distorted. Like the 3-D aberrated CTF under the paraxial approximation, 20 there exist axial modulations in the 3-D CTF as shown in Fig. 1. At d ϭ 200 m [Fig. 1(d) ], the value of the 3-D CTF within its passband is almost zero except for the region near l ϭ 0. This feature implies that only a thick object without transverse structures can be sharply imaged.
When an oil-immersion objective of numerical aperture 1.4 is used for imaging in reflection confocal microscopy, the passband of the 3-D CTF is significantly extended (see Fig. 2 ). The value of the 3-D CTF within the region of 2(l sin ␣ ϩ ͉s͉ cos ␣) у (l 2 ϩ s 2 ) is modulated and reduced, but is not affected significantly in the region of 2(l sin ␣ ϩ ͉s͉ cos ␣) р (l 2 ϩ s 2 ) р 4. This property implies that if an oil-immersion objective of low numerical aperture is employed, the imaging performance of reflection confocal microscopy may not be degraded by the spherical aberration caused by refractive-index mismatch, as was observed in the experiment. 7 There are a number of ways to reduce the effect of spherical aberration on 3-D imaging. One way is based on complex-pupil-function synthesis 21 and the other is based on change in tube length at which an objective is operated. 22 An alteration of tube length of a highnumerical-aperture objective results in primary spherical aberration given, under the sine condition, by (1) is least affected by Eqs. (2) and (11) if
Under such a compensation condition, the 3-D CTF corresponding to Fig. 1 is displayed in Fig. 3 . As expected, the 3-D CTF does not exhibit a pronounced reduction up to the focal depth at d ϭ 200 m but shows modulations beyond that depth. As a comparison, the modulus of the two-dimensional in-focus CTF for a thin structure embedded in a thick medium 23 c 2 (l), which is the projection of the 3-D CTF in the focal plane, is shown in Figs. 4 and 5. As expected, the two-dimensional CTF does not change significantly when the tube length of an objective is operated under the condition given by Eq. (12).
READOUT EFFICIENCY OF REFLECTION CONFOCAL MICROSCOPY
With the help of the 3-D CTF discussed in Sections 2 and 3, the measured image intensity of an object in a reflection confocal microscope can be expressed as 11, 12 l͑x, y, z
where O(m, n, s) is the 3-D Fourier transform of an object function that is determined by the data bit array and gives the distribution of spatial frequencies in an object. It is clear that the right-hand size of Eq. (13) has a maximum value given by
In the case of two-photon excitation, the maximum signal in the reading process occurs when the passband of the 3-D CTF completely overlaps the support region of spatial frequencies of the recorded bits. Such a situation usually occurs when the material response under twophoton excitation becomes saturated if the peak power of a recording beam is too high. Thus the maximum readout signal is given by the total volume of the modulus of the 3-D CTF:
Here M represents the maximum of the object spatial spectrum ͉O(m, n, s)͉ 2 . It is seen from Figs. 1-3 
respectively.
The readout efficiency exhibits an asymptotic value given by the volume of the modulus of the 3-D CTF near l ϭ 0. This signal acts as a background in reflection confocal microscopy within a thick sample and should be avoided if high signal-to-noise ratio is needed. In that sense, 3-D bit data storage in a multilayered medium 23 leads to a high background, because the signal caused by the interfaces, imaged by the CTF c(0, s), can be efficiently collected by a confocal microscope, resulting in a low signal-to-noise ratio. However, such a problem does not exist in 3-D bit data storage in a uniform thick medium.
2,4

CONCLUSION
Under the scalar approximation, the 3-D CTF for reflection confocal microscopy of high-numerical-aperture objectives has been derived when a laser beam is focused into a thick sample that has a different refractive index from its immersion medium. The 3-D CTF in the presence of refractive-index mismatch is aberrated. The volume of the 3-D aberrated CTF is exponentially decreased with the focal depth of the objective in the thick sample. This feature leads to a reduction of the readout efficiency of reflection confocal microscopy in 3-D optical data storage. However, the effect of the spherical aberration can be compensated for by an alternation of tube length.
Owing to the spherical aberration caused by refractiveindex mismatch, the 3-D CTF for transmission confocal microscopy within a thick medium is different from the 3-D OTF for an objective in the incoherent imaging case.
APPENDIX A
In the case of focusing a beam in a uniform medium, the 3-D CTF for transmission confocal microscopy is the same as the 3-D optical transfer function (OTF) for a highnumerical-aperture objective for incoherent imaging. 19 It is known from the transfer-function analysis under the paraxial approximation that the 3-D OTF for an objective is different from the 3-D CTF for transmission confocal microscopy if there is spherical aberration. 20 According to the integral method, 19 we can easily express the 3-D OTF for a high-numerical-aperture objective in the presence of refractive-index mismatch as where PЈ* represents the complex-conjugate operation of PЈ, 
For transmission confocal microscopy, two objectives are involved in imaging. 11, 12 A thick sample of refractive index n 2 is thus sandwiched within the medium of refractive index n 1 . Assume that the thickness of the sample is L. Thus for a given focal depth of the first objective, the focal depth of the second objective is L Ϫ d. The spherical aberration presented to the first objective is given by Eq. (2), whereas the spherical aberration caused by the second objective is ⌽Љ ϭ Ϫk͑L Ϫ d ͒͑ n 1 cos 1 Ϫ n 2 cos 2 ͒. 
